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INTRODUCTION 

Thermochemically stable, high strength, high thermal expansion coefficient 

monofilaments are required for reinforcing a variety of titanium alloy and titanium 

intermetallic composite matrices. Experience with other reinforcements suggests that 

thermochemical stability is primarily related to composition while strength and damage 

tolerance are mostly defined by crystal structure. A review of alternative materials 

identified, heretofore unexplored, yttrium titanate pyrochlore (Y2Ti207) as one of the 

more interesting candidate materials for reinforcement of titanium-based matrices. A 

large and complex unit cell is expected to give Y2Ti207 elevated temperature 

mechanical properties that are superior to those of c-axis sapphire. When equilibrated 

in reducing conditions, Y2Ti207 is expected to be thermochemically stable in a range of 

titanium alloy and titanium aluminide matrices. Also, its estimated thermal expansion 

coefficient is expected to be higher than those of other refractory oxides and quite close 

to those of titanium aluminides. 

This Phase I research produced and characterized single-crystal monofilaments 

of Y2Ti207 for preliminary evaluation as reinforcements. These experiments were 

initiated without benefit of prior experience with the material because no crystal growth 

citations were identified and equilibrium phase relationships were incomplete. 

APPROACH AND PROCEDURES 

Filament growth experiments were conducted using the C02 laser-heated 

floating-zone process (LHFZ) because it is ideally suited for exploring accessible 

properties of new monofilaments (Figure 1) (Refs. 1,2). In this process, the melt zone is 

supported by surface tension between the feed rod and the growing fiber; the melt is 

formed from heat absorbed by a focused C02 laser heat source. A properly oriented 

seed crystal is brought into contact with the molten zone to produce a single-crystal fila- 

ment of the desired orientation in the final pull. 

1 



The two controlled atmosphere LHFZ units that were used at MIT to produce the 

monofilaments are shown in Figure 2. The first unit, which employs a 1500 watt 2- 

beam C02 laser with optics for 4-beam heating, was used to reduce feed rods from the 

3.5 mm starting diameter to about 0.8 mm in three runs. The second unit employed a 

1500 watt C02 laser with 2-beam optics and was used to grow the final filaments with 

diameters of 0.15 to 0.20 mm (150 to 200 jim) in two pull runs using the 0.8 mm 

material as feed. Temperature measurements were made during growth and compared 

with crystal and zone compositions to derive information about the phase diagram 

which is virtually nonexistent for the Y203-Ti02 binary in the vicinity of the Y2Ti207 

melting point (Figure 3) (Ref. 3). 

Feed rods for the LHFZ process were sawed from cold pressed and sintered 

disks. Powder lots of two types were made using a high-purity Y203 sol and two Ti02 

powders. One type was made from Ti02 containing about 2 wt % Al203 and the other 

from a high-purity Ti02 grade. The two methods can be described as follows: 

1.        Preparation from Kronos Pigment Grade Titania and PQ Colloidal Yttria 

The two starting materials were Kronos 2020 pigment grade titania and colloidal 

yttria (PQ Corporation). The pigment grade titania is an alumina coated powder with a 

particle size of about 300 nm. The overall composition is 94% titania and 6% alumina. 

The yttria sol contains 10 nm yttria particles. The two starting materials were combined. 

The slurry was then dried with stirring and dry milled. The powder was calcined at 

800°C, pressed, and fired to 1300°C in air to density it. 



2.       Preparation from NanoTek Titania and PQ Colloidal Yttria 

The two  starting  materials were  NanoTek titania  and  colloidal  yttria  (PQ 

Corporation). The NanoTek titania is a powder with a particle size of about 30 nm. The 

yttria sol contains 10 nm yttria particles.   The two starting materials were combined. 

The sol was dried with stirring and then dry milled.   The powder was calcined at 

1050°C, pressed, and fired to 1300°C in air to density it. 

Feed rods received by MIT were characterized by x-ray diffraction to identify 

phases and measure the Y2Ti207 lattice parameter, and physically to determine the 

fractional density. Feed rods made using the impure Ti02 were brown and had high 

concentrations of dark spots. SEM microphotographs of Figure 4 showed that the 

spots were cavities with small crystals grown on the cavity surfaces. Optical 

microscopy revealed that the crystals on the cavity surfaces were dark in color. Detailed 

EDX analysis of Figure 4 revealed that the crystals contained high concentrations of 

either Al or Fe. Later rods made of the same starting materials, but sintered at a lower 

temperature, were white and did not have spots. Rods made using the pure TiC>2 were 

also white and spotless. 

Lattice parameters of the Y2Ti207 phase in the feed rods were generally within 

the range of those reported in the literature.   Lattice parameters exhibited significant 

variations between individual lots as well as between feed rods taken from the same lot. 

As will be shown in more detail in the monofilament growth section, the Y2Ti207 lattice 

parameter appears to be related to the Ti content. 

Densities of the feed rods were in the range of 35-45% of theoretical (4.99 

g-cm"3) and varied from lot to lot and between rods taken from the same lot. Charac- 

teristics of the feeds are summarized in Table 1. 
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Process variables explored for growth of Y2Ti207 include feed rod processing 

history, monofilament growth atmosphere, crystallographic growth direction, monofila- 

ment diameter, and pulling rate. The ranges of conditions used for approximately 67 

growth runs are summarized in Table 2. Crystals were grown either in air or in pure 02 

atmospheres. Monofilament growth runs were initiated both from polycrystalline rods 

and from precisely oriented seed crystals having [111], [110], or [311] orientations. 

Monofilaments were all pulled in a downward direction; intermediate pulls were made in 

a combination of upward and downward pulls that were otherwise identical and 

indistinguishable. Monofilament diameters ranged from 250 to 400 )tim, and pulling 

rates ranged from 2 to 15 cm/h. The pull-to-feed speed ratio was varied from 1/1 to 

10/1. For these experiments, 4 to 8 zone meltings were required to reduce diameters 

to desired monofilament dimensions. Monofilaments grown for mechanical tests were 

grown in 02 at 10 cm/h in the [111] and [311] directions. 

Room temperature tensile strengths were measured with a table-top single 

filament tester (Figure 5) using the epoxy tab technique to align the monofilaments in 

the grips in a manner consistent with ASTM D3379-75. Room temperature tensile 

strengths were measured with a 6.4 mm gage length and a cross head travel rate of 1 

mm/min. If monofilaments satisfying minimum room temperature strengths (>2 GPa) 

were obtained, it was planned to further evaluate such monofilaments by high tempera- 

ture delayed failure tests and by short term tensile strength tests at 1200°C. 

Chemical compatibility was assessed by incorporating multiple short lengths of 

Y2Ti207 monofilaments into titanium alloy and titanium intermetallic matrices having a 

range of Ti activities (in decreasing order: Pratt & Whitney Alloy C (a Ti-Cr-V beta alloy), 

a-2, and orthorhombic) by vacuum hot pressing of monofilament-powder mixtures. The 

product composites were sectioned, mounted and polished for photomicrographic 

examination and SEM/x-ray analysis identification of any interfacial chemical reactions. 
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Thermal expansion coefficients were measured between room temperature and 

1000X using a fused silica dilatometer. Monofilament samples were 2.5 cm long. 

RESULTS AND DISCUSSION 

Feed Rods 

Feed rods made from the first two disks (less pure ingredients) were brown and 

had high concentrations of dark spots. EDX analysis revealed that the crystals 

surrounding the dark spots contained relatively high concentrations of Al (impurities in 

feed) or Fe (milling contaminant). Disk 5 made of the same starting materials, but 

sintered at the lower temperature, was white and did not have spots. Disks 3 and 4, 

produced from pure reactants, were also white and spotless. Densities of feed rods cut 

from the disks varied from disk to disk in the range of 35-45% of theoretical. 

X-ray diffraction analysis showed that phase contents of the feeds varied from 

disk to disk and between feed rods cut from the same disk (Table 1). Feed 1-1 

contains rutile as the second phase, while neither feed 1-3 (from the same disk) nor 

feed 5 exhibits rutile peaks. Disk 3 made of pure reactants contains both free Ti02 and 

Y203. In addition to these major phases, trace levels of three still unidentified phases 

were found in combinations reported in Table 1. Low intensities of the few detectable 

peaks did not permit reliable identifications of these minor phases; it was determined 

that none of the known phases in the systems Y-Ti-O or Fe-AI-0 fits these peaks. 

Lattice parameters of the Y2Ti207 phase in the feeds are generally within the 

range of those reported in the literature (Refs. 4-6) (Figure 6). They also exhibit 

significant variations (more than an order of magnitude larger than the standard 

deviations) between individual disks as well as between feed rods cut from the same 

disk. As will be shown in more detail in the monofilament growth section, the Y2Ti207 

lattice parameter appears to be related to the Ti content. 
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Crystal Growth 

The Y2Ti207 material easily satisfied fundamental requirements for LHFZ mono- 

filament growth. Quiet, non-volatile melts were formed on polycrystalline feed rods as 

well as between feeds and growing crystals in air and in 02. Also, melt dimensions 

could be precisely controlled with the laser power levels. 

The Y2Ti207 material also satisfied more stringent requirements needed for 

growing single-crystal monofilaments. Single-crystals were produced with virtually all 

employed growth conditions. With the exception of one intermediate crystal, powder 

x-ray diffraction analysis showed all zone melted material to be single phase Y2Ti207. 

Crystals that were grown from polycrystalline pickups usually grew along an axis that 

was within 4-7° of a [311] axis. When growth was initiated from [111] or [311] seeds, 

the crystals usually assumed the crystallographic orientations of the seeds and 

maintained seeded axes for lengths up to 10-30 cm. Except for the [110] 

monofilaments, Laue x-ray diffraction patterns of zone melted material gave sharp spot 

patterns with spot sizes corresponding to the illuminated dimensions; there was no 

evidence of spot distortion or splitting which result from low angle boundaries. For still 

unexplained reasons, all attempts to produce [110] monofilaments yielded material that 

was so faulted that it was effectively polycrystalline. 

Melt zone lengths were more sensitive to laser power than is true for sapphire 

monofilaments. In contrast, melt zone lengths appear to be less sensitive to factors 

which control heat losses through the monofilament and the feed rod than is true of 

sapphire. Both characteristics are consistent with Y2Ti207 having a low thermal 

conductivity, as would be expected for a material having a large complex unit cell 

containing elements with dissimilar masses. 

Rods produced by zone melting were usually cracked when diameters were 

larger than 800 jim.  Occasional cracks were usually evident in 600 |im intermediates, 
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but none were observed for diameters less than 500 jim. It is probable that residual 

stress cracking results from the combination of high thermal expansivity and low 

thermal conductivity Polymorphic phases, a common alternative source of stress, were 

not evident in this compound. 

Problems also were evident. Single-crystals of Y2Ti207 exhibited such a strong 

propensity to develop surface facets on multiple planes that process control was com- 

promised and monofilament strengths were diminished. Two difficulties arise if the 

pulling axis does not lie within facet planes on surfaces of growing monofilaments. The 

first caused the monofilaments to become crooked (bent or hooked) on a length scale 

corresponding to a few monofilament diameters as the localized growth axis alternated 

between directions lying in competing facet planes. This off-axis growth occurred for 

appreciable distances because the monofilaments were so compliant that they could 

not force growth to follow the pulling axis. Localized growth directions and solidification 

rates both change discontinuously as the dominant facet changes. The second 

problem resulted because the zone volume changed significantly as individual facets 

appeared and disappeared. Non-uniform solidification rates and zone volumes both 

cause localized compositional variations in the solidifying material. Reductions in 

strength result from stress concentrations at the sharp intersections between competing 

facet planes. Also, rough faceted surfaces impede monofilaments from sliding in a 

matrix. 

Varying melt dimensions resulting from faceting effects frequently caused the 

zone to pinch off when growth was attempted with normal pull-to-feed speed ratios (9/1- 

10/1). Consequently, most growth was conducted with pull-to-feed speed ratios around 

4/1 because these zone shapes are more robust to the effects of perturbations and 

because the resulting monofilaments have larger diameters and are stiffer, thus are 

more resistant to off-axis growth. 
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These faceting problems experienced for Y2Ti207 are similar to problems that 

have been successfully resolved with both a-axis sapphire and spinel (MgOAI203) 

monofilaments by precisely aligning the pulling axes with the facet planes (Ref. 7). 

Implementing the oriented growth axis strategy depends on identifying the 

indices of facet planes observed on single-crystal surfaces. Monofilaments grown 

along [311] axes at low rates exhibited large macroscopic facets like those shown in 

Figure 7. In contrast, monofilaments grown relatively rapidly (-10 cm/h) along a [111] 

axis from some specific seed crystals exhibited smooth, nominally triangular cross 

sections [Figure 8(a)]. The [111] monofilaments were emphasized because they 

appeared smoother than other orientations and this is the favored stress axis for 

probable slip systems. 

Although the cross sections of [111] monofilaments, like those in Figure 8(a), are 

distorted into a triangular shape, the bounding surfaces are curved rather than being 

flat facet planes as formed on other orientations. Laue analysis showed that the chords 

between the triangle's "points" were perpendicular to <211> axes in these [111] single- 

crystal monofilaments. Microstructural analysis of other single-crystal monofilament 

materials, which have exhibited non-circular cross sections bounded by macro- 

scopically curved surfaces, has usually shown that the curvature results from a set of 2, 

or more, microscopic, flat, facet planes working in combination. The orientation 

strategy can work successfully even for these monofilaments because the macroscopic 

curvature usually results from continuously varying the dimensions of the facet planes 

making up the set, analogous to varying the rise and run on a stair. Ideally the facet 

planes making up the set all lie parallel to the selected growth axis. If made fine 

enough, high monofilament strengths can be achieved even if one of the facet planes in 

the set does not lie exactly parallel to the growth axis. 

Uncoated samples of [111] monofilaments grown at higher rates were examined 

at magnifications up to 28.500X using an environmental SEM microscope. Contrary to 
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experience with other materials, the surfaces of these single-crystal monofilaments 

never exhibited distinguishable facet planes. Coarse and fine features, like those 

shown in Figures 8(b)-8(c), were evident at all levels of magnification. Observations at 

higher levels of magnification simply revealed new sets of similar small-scale features 

[Figure 8(d)]. 

Two phenomena correlated with the severity of macroscopic faceting. Monofila- 

ments which were colorless were much more strongly faceted than those which were 

dark. Monofilaments originating from feeds cut from disks 1, 2, and 5 were always very 

dark. Monofilaments originating from disk 3 alternated between dark and clear along 

their lengths. Second, melt zones formed from disks 1 and 2 were quiet and clear, 

while melt zones formed from disk 3 exhibited continuously swirling light and dark 

regions having dimensions on the scale of the zones. Monofilaments grown from the 

swirling zones were much more faceted than the others. Growth from disk 5 was very 

similar to disk 3 until the [311] growth rate was increased from 4 to 15 cm/h. 

Subsequent [111] monofilament growth from a rapidly pulled [311] intermediate 

diameter feed was very stable and free of faceting effects even at low rates. Past 

experience with other materials suggests that the swirling patterns in the melt zones 

may result from having a 2-phase (solid and liquid) zone. 

Observed phases and lattice parameters reported in Table 1 were compared 

with observations about growth and monofilament characteristics. With repeated 

meltings, multiphase feeds yielded single-phase crystals. Unidentified (minor) phases 

in the feeds were not observed in any of the melted samples. Because there is no 

apparent weight loss during growth, the emergence of single-phase material indicates 

that the initial feeds have a composition lying within the single-phase Y2Ti207 field that 

is accessible by melt processing. The disappearance of phases other than Y2Ti207 

results from homogenization during melting. Based on the formulations of the feed 

rods, the results also show that the high temperature single-phase Y2Ti207 field 

includes the stoichiometric composition. 
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The zone quenched from the intermediate crystal (feed 3) contains more free 

Ti02 than the crystal, showing that Ti is segregated into the zone during growth. This 

result indicates that the liquidus composition from which this crystal grew lies on the 

Ti02 side of the solidus which bounds the Y2Ti207 phase field. 

The coexistence of single-phase Y2Ti207 with varying quantities of Ti02 and 

Y203 phases in samples having constant overall compositions indicates that single- 

phase Y2Ti207 exists with a range of Y/Ti ratios that should be reflected by changing 

lattice parameters. Based on the phase analyses, it is probable that the Y2Ti207 

phases in the melted material contain more Ti than the sintered feeds. With the 

exception of the monofilament grown from feed 3, lattice parameters in the monofila- 

ments exceeded those of the Y2Ti207 phase in the sintered feed rods from which they 

originated. These observations indicate that higher Ti concentrations result in larger 

lattice parameters. 

The lattice parameter results correlate with other observations. As shown in 

Table 2, temperatures measured at the solidification interfaces (solidus) for crystals 

grown from feed 3 (2070° - 2120°C) exceed those grown from the other type of feeds (1 

and 5) (2010° - 2060°C). Also, monofilaments grown from feed 3 had smaller lattice 

parameters than those grown from other feeds, suggesting that the overall composition 

of the feed was deficient in Ti02. These results are consistent with earlier conclusions 

about the relative compositions of the solidus and liquidus. They also indicate that all of 

the compositions lie to the Ti02 rich side of the congruent melting composition. 

It is probable that color reflects the Ti oxidation state rather than impurity levels 

since dark and light regions are observed along a single monofilament grown from feed 

3, and also the discoloration disappears with flame polishing. Based on usual trends, 

Ti+4 probably does not introduce a color center while Ti+3 does; also Ti+4 is smaller than 

Ti+3.   As is observed in Figure 6, white monofilaments should have smaller lattice 
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parameters than dark monofilaments.  Because impurities impact the Ti valence state, 

further characterizations are needed. 

Neither the reasons for the discoloration of the monofilaments nor for the 

absence of microscopic facets on the [111] monofilaments have been resolved. Much 

still needs to be learned about growing single-crystal Y2Ti207 monofilaments. 

Mechanical Properties 

Tensile strength measurements at room temperature confirmed the fragility 

originally observed in handling the monofilaments. Tensile strength results are 

summarized in Table 3. Monofilaments were tested in the as-produced condition. 

Selected specimens were also tested after annealing at 1300°C for 100 h in air, or after 

flame polishing. The maximum and minimum tensile strengths (af) were 595 and 50 

MPa, respectively. 

The tensile strengths tend to show a wide scatter. There is no clear and sys- 

tematic dependence of tensile strength on the feed rod used or on the growth direction. 

One [311] specimen and one [111] specimen were annealed in air at 1300°C for 100 h 

and replicate test specimens prepared. The [111] specimens showed a 56% increase 

in tensile strength after annealing over unannealed specimens from the same mono- 

filament. No unannealed control specimens from the same monofilament were tested 

from the [311] monofilament that was annealed, but the mean strength of the annealed 

specimens was 200% higher than [311] specimens from a different monofilament pro- 

duced from a different feed rod. These results suggest residual stresses are at least 

contributing to the low measured tensile strengths. 

Monofilament samples originating from feed 5 were tested in the as-produced 

condition and also flame polished and tested. Although flame polishing enhanced 

development of surface facets and caused the dark discoloration to disappear, the 
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Table 3. Room Temperature Strengths of Y2Ti207 Monofilaments 

Sample 
Origin 

Growth 
Direction 

Filament 
Number 

Diameter 
(urn) Treatment 

Strength 
(ksi) 

Strength 
(MPa) 

Feed 1b [311] 1X-25-2 400 As grown 14.4 
14.1 

99 
97 

Feed 2-1a [311] 1X-26-1 295 Annealed     at 
1300°C, 100h 

44.8 
37.1 
47.3 

309 
256 
326 

Feed 2-2 [111] 1X-31-1 300 As grown 17.4 
23.4 
17.2 
9.0 

120 
161 
119 
62 

Feed 2-2 [111] 1X-31-1 300 Annealed     at 
1300°C, 100h 

21.7 
30.3 

150 
209 

Feed 2-3 [111] 1X-33-2 270 As grown 32.5 
51.0 

224 
352 

Feed 2-3 [111] 1X-35-2 280 As grown 55.9 
86.3 

386 
595 

Feed 5-1 [111] 1X-36-2 280 As grown 34.6 
52.0 

239 
359 

Feed 5 [111] 1X-37-2 280 As grown 25.1 
14.8 
16.8 
7.3 

10.9 

173 
102 
116 
50 
75 

Feed 5 [111] 1X-37-2 280 Flame 
polished 

16.0 
(mean 
of 2) 

110 
(mean 
of 2) 
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flame polishing treatment had no measurable effect on tensile strength relative to the 

as-produced monofilaments. 

The observed tensile strengths do not show an obvious dependence on the wide 

range of surface conditions investigated (macroscopic facets on [311], non-faceted as- 

grown [111], flame polished [111]). Unfortunately, mean strengths were nearly an order 

of magnitude lower than were sought before initiating high temperature tests. Using 

estimated values for the Young's modulus (E) and fracture surface energy (y) of 

Y2Ti207, 345 GPa and 17.5 J/m2, respectively, the dimensions of the strength 

controlling flaw (C) in a 25 ksi (172 MPa) specimen were estimated from af« (Ey/2C)1/2. 

This calculation indicates that strength controlling flaws had dimensions on the order of 

100 urn, corresponding to 1/4 to 1/3 of the monofilament diameters. Fractography of 

tensile samples indicated that many fractures originated from internal flaws rather than 

the more typically observed (for single-crystal oxide monofilaments) surface flaws. As 

shown in Figure 9 for specimen No. 1X-25-2, an exceptionally low strength material, 

identified flaws were «100 jum diameter circles located on the monofilament centerlines. 

The location and dimensions of the fracture origins agree reasonably well with 

calculations and would explain the insensitivity of the tensile strength to surface 

conditions. 

After annealing in air at 1300°C for 100 h, similar orientation monofilaments 

showed significantly higher strengths as noted above. Figure 10 shows the fracture 

surface of specimen No. 1X-26-1 where the fracture origin is clearly surface-connected 

and appears to be about 30 urn in dimension, which is consistent with the higher 

strength observed. 

Monofilaments of a [111] growth direction often showed fracture surfaces which 

were almost featureless in the as-produced condition as shown in Figures 11, 12, and 

13 for specimen Nos. 1X-37-2-3, 1X-33-2, and 1X-36-2, respectively. After annealing 

at 1300°C for 100 h, the single fracture surface studied appeared to exhibit a fracture 
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originating at porosity at the centerline of the monofilament as shown in Figure 14 for 

specimen No. 1X-31-1. 

The origin of the strength controlling flaws has not been identified. High levels of 

residual stress indicated by cracking during growth could certainly cause the low 

strengths observed. Residual stress levels can be reduced by annealing or, possibly, 

by flattening the solidification interface with modified growth conditions. Alternatively, 

the strength controlling flaws may result from compositional gradients as has been 

previously observed for unusually weak single-crystal YAG monofilaments grown by the 

EFG process (Ref. 8). Based on past experience, the present monofilaments should 

exhibit more typical strength levels when the problem is identified and corrected. 

Coefficient of Thermal Expansion 

The average coefficient of thermal expansion (CTE) measured for polycrystalline 

Y2Ti207 (23-1000'C) was 11.21 x 10'6 °C"1. Experimental data are shown in Figure 15. 

Derivative values increased slightly with increasing temperature over this range. As 

was anticipated, the CTE is higher than those of alumina and spinel. The CTE is 

approximately the same as that of TiAl and provides a better match than either alumina 

or spinel to orthorhombics as well as other important aluminides such as Ti3AI. 

Chemical Compatibility of Y,Ti,Cs Monofilaments With Titaninm.Baseri Matrix 

Figure 16 shows a scanning electron micrograph of the monofilament/matrix 

alloy interface for a [111] orientation Y2Ti207 monofilament in a beta alloy (Alloy C) 

matrix in the as-hot-pressed condition and the results for multiple chemical analysis 

points both internal and external to the monofilament. (Oxygen is not detected 

accurately with this instrument so only metals are reported and normalized to 100%.) 

The SEM photomicrograph shows that the [111] orientation monofilament is subject to 

damage by cutting and polishing for metallographic specimen preparation.    The 
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analysis points 1 and 2 show the composition of the phases observed in the matrix 

alloy. Points 3, 4, and 5, which are in the monofilament, show identical Y/Ti ratios. The 

contrast shown near the edge of the monofilament (point 3) suggests that the 

monofilament is exchanging oxygen with the matrix alloy but no chemical reaction (i.e., 

creation of new phases) is occurring at the matrix alloy/monofilament interface. 

Figure 17 shows a similar interface between a [111] orientation Y2Ti207 

monofilament and an orthorhombic matrix along with the location of six analysis points. 

Note again that points 1, 2, and 3, inside the monofilament, show a constant Y/Ti ratio 

indicating no chemical reaction at the interface. Points 5 and 6 show the composition of 

the two phases present in the matrix alloy. The contrasting ring at the edge of the 

monofilament suggests some oxygen exchange with the matrix alloy but much less than 

observed for the Alloy C matrix. 

Figure 18 shows the interface between a [311] orientation Y2Ti207 monofilament 

and an a-2 matrix alloy along with the location of five analysis points. Points 4 and 5, 

in the monofilament, show a constant Y/Ti ratio, again confirming no chemical reactions 

have occurred. No contrasting ring is observed near the monofilament surface, 

suggesting little if any oxygen exchange with the matrix alloy (which in turn suggests 

that the stoichiometry of the [311] orientation monofilaments may be different from the 

[111] orientation monofilaments). Also, the [311] orientation monofilaments were much 

less damaged by cutting and polishing for metallography than the [111] orientation 

monofilaments. 

As another check of matrix alloy/monofilament chemical interactions, a micro- 

hardness survey was made across the monofilament and at 0.025 in. intervals into the 

matrix alloy starting at the edge of the monofilament. The results are shown in Table 4 

and appear to confirm the absence of any matrix alloy/monofilament chemical 

interaction. 
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Table 4.   Microhardness Traverse Across Matrix Alloy/Monofilament Interface 

Location 

Filament core 

Filament edge 

Matrix edge 

Matrix edge +0.025 in. 

Matrix edge +0.050 in. 

Matrix edge +0.075 in. 

DPH Microhardness 

(15 g load) 

2406, 2406 

1739, 1655 

424 

435 

435 

424 

Matrix edge +0.100 in. 

Matrix edge +0.125 in. 

424 

435 
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For similar hot pressing conditions, 1/3 of a single-crystal sapphire monofilament 

is consumed by chemical interaction. Although it has not yet been determined whether 

the «1 urn thick band at the monofilament/matrix interface is a gap resulting from CTE 

mismatch (matrix « 9 x 10"6 °C"1) or is a polishing artifact, it is evident that the 

monofilament was not attacked during hot pressing. Monofilament pushout and more 

complete interface characterizations are needed to confirm initial favorable 

observations about chemical compatibility. 

CONCLUSIONS 

These first evaluations of Y2Ti207 show that this material has several attributes 

which make it a potential reinforcement for Ti-alloy and Ti-intermetallic composites. 

Interfaces between these monofilaments and candidate Ti-based matrices indicate that 

the anticipated thermochemical compatibility was realized at least during the very 

demanding conditions used for hot pressing. Also, the thermal expansion coefficient is 

higher than those of other investigated oxide reinforcements, providing a better match 

to the relatively high values exhibited by important structural aluminides, including 

Ti3AI, orthorhombics, and TiAI. Tensile strengths of the monofilaments are deficient at 

this point. Once factors responsible for the unusual, large internal flaws are identified 

and these flaws are eliminated, Y2Ti207 monofilaments are expected to exhibit more 

typical strengths and the superior high temperature mechanical properties anticipated 

for this material on the basis of crystal structure should be realized. Although growth is 

more complex for Y2Ti207 than for simple oxides, it was found that single-crystal 

monofilaments can be produced with selectable growth axes from well behaved melts in 

the laser-heated floating zone process. 
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22 



E 
ro 
o 
.a 

CO 
ro 

o o 
ro 

o o 
in 

ro 

ro 
CO 

>♦-* 

c 
3 

sz 
% 
o 
l_ 
D) CO 

•«-j M 1_ 
d) n 
E o 
ro 
ip o c 
o 

E 
ro 
0) n 

E CN 
, , JZ 
N 
Li. ■a 
T L_ 

1 CD 
C/J 

d) JO 
c CM o 
N o 

C) 
r tJ ro 
ro •; o 

5= o 
o 

■o ir> 
(1) 
m /*—V 

<i> XI 
x: '—' 
L_ CO 
0) o 
CO ■*-< ro D. 
_i O 

c\i 
0) 
i— 
3 
D) 

23 



1900 

1700 

1500 

1300 

1100 

900 

Y203 + F 

1       ' 1 r 

hOz + ß Y2no5     ß 

Y203 + a Y2Ti05 

700' 

k Liquid 

\ / 
\ / 

\      / 
\ / 

LL 

P + Rt 

0 20 40 60 

Y203 Uol % 
80 100 

Ti02 

Figure 3. Y203 - Ti02 phase diagram. F = fluorite, Rt = rutile, P = pyrochlore. 
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Figure 5.       Photograph of monofilament tensile testing device and schematic of fiber 
mounting for tensile testing. 
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Figure 6. Y2Ti207 lattice parameter evolution during growth. 
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Figure 7. Large flat surface facets on [311] monofilament grown at 10 cm/h. 
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Figure 8(a).   SEM micrograph of (a) axial view of triangular shaped [111] monofilament 
grown at 10cm/h, 340X. 

Figure 8(b). SEM micrograph of typical {211} face, 245X. 
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Figure 8(c). SEM micrograph of same {211} face shown in (b), 1850X. 

Figure 8(d). SEM micrograph of same {211} face shown in (b), 28.500X. 
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Figure 9. Monofilament surface (top) and fracture surface from tensile test (bottom) for 
Y2Ti207   monofilament  specimen   No.   1X-25-2,   [311]   axis,   as   grown 
Magnification: top, 150X; bottom, 200X. 
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Figure 10. 

EHT=20.80 k 
30PITI ' 

|1X-Ü6-1_ 
UD =     29  mi 
Photo  Ho. = 114 

Hag=  .308  K 
Detector- SEI 

Monofilament surface (top) and fracture surface from tensile test (bottom) 
for Y2Ti207 monofilament specimen No. 1X-26-1, [311] axis, annealed at 
1300°C for 100 h in air. Magnification: top, 500X; bottom, 300X. 
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Figure 11. Monofilament surface (top) and fracture surface from tensile test (bottom) 
for Y2Ti207 monofilament specimen No. 1X-37-2-3, [111] axis, as grown. 
Magnification: top, 500X; bottom, 300X. 
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Figure 12. Monofilament surface (top) and fracture surface from tensile test (bottom) 
for Y2Ti207 monofilament specimen No. 1X-33-2, [11.1] axis, as grown. 
Magnification: top, 500X; bottom, 300X. 
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Figure 13. Monofilament surface (top) and fracture surface from tensile test (bottom) 
for Y2Ti207 monofilament specimen No. 1X-36-2, [111] axis, as grown. 
Magnification: top, 500X; bottom, 300X. 
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Figure 14.  Monofflament surface (top) and fracture surface from tensile test (bottom) 

1300»CfoMnnnh°^lamen*sPe?men N°- 1X-31-1, [111] axis, annealed a 
1300 C for 100 h in air. Magnification: top, 500X; bottom, 300X. 
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Atom % 

Point No. Y Ii Al QL V 

1 0.1 35.8 0.2 18.7 45.2 

2 - 90.3 0.1 2.2 7.5 

3 57.3 41.5 1.0 - 0.3 

4 57.6 41.1 1.2 - 0.2 

5 57.2 41.5 0.9 0.1 0.3 

Figure 16. Top, scanning electron micrograph of Y2Ti207 monofilament in Alloy C 
matrix showing locations of analysis points. Bottom, results of x-ray 
analyses. 
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Atom % 

Point No. Y Ii Al QL 

1 58.2 40.5 1.2 - 

2 57.8 40.8 1.3 - 

3 57.9 40.7 1.4 - 

4 4.0 94.2 0.9 0.9 

5 - 40.7 16.0 43.3 

6 _ 62.2 19.9 17.9 

V 

0.1 

0.1 

0.1 

Figure 17. Top, scanning electron micrograph of Y2Ti207 monofilament in an ortho- 
rhombic matrix showing locations of analysis points. Bottom, results of x- 
ray analyses. 
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Atom % 

Point No. Y Ii Al 

1 0.1 57.1 42.8 

2 0.6 68.1 31.3 

3 23.1 24.8 52.1 

4 56.9 41.7 1.3 

5 57.6 41.3 1.2 

Figure 18. Top, scanning electron micrograph of Y2Ti207 monofilament in an a-2 
matrix showing locations of analysis points. Bottom, results of x-ray 
analyses. 
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